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ABSTRACT

A novel parameter extraction method based on Adaptive Differential Evolution Technique (ADET) is introduced
for various types of solar photovoltaic (PV) modules. Cracks can isolate large portion of a module and increases the
electrical resistance, thus current-voltage (I-V) drop will be increased and it leads to power loss. The parameter extraction
and crack identification problem is based on the single diode model of a solar cell. The simulation is performed using an
objective function for minimizing the difference between the estimated and measured values. The simulation result is
compared with the I-V data set showed that the proposed ADET outperforms other techniques such as chaos particle swam
optimization (CPSO), genetic algorithm (GA), simulated annealing (SA) and organic and inorganic solar cells (OIS).
Finally, the proposed ADET method is practically validated with three different types of solar modules such as thin film,
mono-crystalline and multi-crystalline. The performance of different solar cell modules has been verified and the result

shows that the proposed method is suitable for parameter extraction of PV modules.

Keywords: parameter extraction, photovoltaic, adaptive differential evolution, solar module, irradiance, crack identification.

1. INTRODUCTION

A renewable energy source such as photovoltaic
(PV) and wind energy has significant growth for the last
few decades. Renewable sources produce local heat, even
though the thermal reduction is achieved by avoiding CO,
emission. The PV panels are dark and absorbing around
85% of incoming light whereas 15% is used to generate
electricity, the remaining 70% will produce heat [1]. In
order to collect the performance data, data acquisition
system is widely used in hybrid power source applications.
A data acquisition card is used to send the received data to
the PC. Both the renewable sources are widely used
because of its social and environmental benefits. This
source will be the important power source for future with
government incentives and public support [2]. The
possibilities of providing electricity through a renewable
hybrid energy system to a remotely located community are
proposed by Bekele ef al. [3, 4]. The hybrid energy system
which utilizes wind and solar is a better alternative for
stand-alone applications. This type of energy system is
implemented in a region Hurghada in Egypt for a reverse
osmosis desalination system [5]. For minimizing the life
cost, Hafez and Bhattacharya proposed an optimal design
of a hybrid energy system which includes PV, wind and a
micro-hydro for generating power [6].

Developing suitable models are required to
simulate and predict the behavior of PV modules. There
are two main models such as single diode and double
diode models are used for PV cells and PV modules [7].
The accuracy and number of parameters used to calculate
the I-V characteristics of PV module will differ from each
models. It is noted that the double diode model is more
accurate than single diode model, which is based on solar
panel behavior [8]. To evaluate the PV systems, these
models should be wused with its parameters. The
parameters can be extracted in two ways: the first one is

fitting the theoretical I-V curve with the experimental
data. In the second method, few key points of
experimental data have been taken for determining the
parameters [9, 10]. The second method is attractive
because it needs few data from I-V curves and its speed.
It has to be noted that the I-V curve is highly non-linear
and the extracted parameters provides errors if wrong
points has been selected. However, the curve fitting
algorithms requires large computations and the accuracy
depends on the cost function, type of algorithm and initial
value of the parameters to be extracted [11]. The
conversion efficiency of practical solar cell is in the range
of 15-20%. To extract the maximum power from the solar
PV cells is a challenging job for the researchers to select
proper materials and suitable techniques. In commonly
used solar cell technology, the electrons are collected on
the top of the solar cell by fingers or grid lines which is
deposited on the surface of the solar cells. The fingers are
connected with two or three busbars which are soldered on
the surface of cells are shown in Figure-1. To avoid partial
shading provoked by busbars and fingers, a back contact is
used and there is no busbars and fingers. In this work, we
modeled the solar cells with front contacts.

Cracks can originate during different stages from
production to installation of solar cells and it can isolate
large portion of a module and increases the electrical
resistance between fingers and solar cell contact. Such
broken portion contribute drop in the I-V (current-voltage)
of the whole module and leads to power loss [12]. It may
be invisible but can be identified accurately by
electroluminescence method (EM). The probability of
cracking occurs in solar cell has been proposed by Sander
et al [13]. The strength and stress level of silicon solar
cells also been studied.

In the past few decades, various parameter
extraction methods such as analytical parameter extraction
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method [14], non-linear fitting algorithms [15] are used to
extract parameters from PV cell models. Optimization and
metaheuristics algorithms are widely used in parameter
extraction of solar cells. Evolutionary algorithms are the
natural choice for parameter extraction problems which
are capable to solve other than the standard test condition.
Evolution algorithm methods are very attractive to solve
parameter extraction regardless of gradient and
information of initial conditions [16]. Various
evolutionary algorithms such as genetic algorithm (GA)
[17, 18], chaos particle swam optimization (CPSO) [19],
simulated annealing (SA) [20] have been included in
parameter extraction for solar cells. The electrical
characteristics of solar cells and parameter extraction
using GA are calculated from the maximum power point
[21]. The PSO technique is used to extract various
parameters of PV module [22, 23]. The modified
differential evolution algorithm called penalty based DE
algorithm is used to extract various parameters of solar
cells [24].

Busbar

Figure-1. The solar cell showing fingers and busbars with
two cracks.

GA has limitations like low speed and
degradation [25]. The trade-off between temperature,
cooling schedule and inconsistencies are the major issue to
make SA less choice for parameter extraction problems
[26]. To improve the consistency of the estimation, PSO is
introduced in conjunction with cluster analysis. The PSO
is used to estimate the parameters and the cluster analysis
for filtering the non-feasible solution [27, 28]. It increases
the consistency and reliability, even though it requires all
previous points to be stored. It increases the computational
burden and hence the simulation speed will be greatly
affected. The searching space of parameters should be
broadened to avoid convergence problems and the

extraction processes satisfy different boundary conditions.
The V-I characteristics of organic and inorganic solar cells
(OIS) studied by Chegaar et al. [29]. Various parameters
of solar cells are extracted and the energy conversion and
management also studied. A maximum power point
tracking (MPPT) of solar PV modules for fast varying
solar radiations model has been tested in ANFIS-based
MPPT control scheme. Various parameters of solar
module have been studied by El-Naggar et al. [30] using
SA algorithm. Unlike conventional differential evolution
(DE), the solution of adaptive DE is always in the feasible
region and unconstrained in nature. This is where the
inclusion of adaptive DE. As a result, more number of
solutions will be created. The solutions take part in the
evolution process and the accuracy, where diversity and
consistency will be improved. In this work, the
performance of ADET is investigated for a solar module
parameter extraction process and compared with four
other methods namely GA, CPSO, SA and OIS. The crack
identification model has been introduced and the result is
verified by both the experimental and numerical. The
remainder of this paper is organized in the following
ways: section 2 describes the problem formulation of
parameter extraction with double diode model and
parameter dependent on temperature and irradiance levels;
section 3 describes the DE and adaptive DE algorithm;
section 4 explains the simulation and experimental results;
and finally, conclusion is discussed in section 5.

2. PROBLEM FORMULATION

The main objective of the parameter extraction
for solar cell models is to minimize the difference between
measured and simulated current. Two circuit models
(single and double diode) are familiarly used to describe
the performance of solar cells. The single diode model
provides better performance under normal operating
condition but the performance is very less at low
irradiance [31]. On the other hand, the two diode model
[32] modifies the current equation by including the
recombination losses in space-charges by incorporating an
additional diode.
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Figure-2. Equivalent circuit model of solar cell using
double diode model.
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a) Double diode model

The equivalent circuit model of solar cell using
double diode model is shown in Figure-2. In this model,
the terminal current I, can be represented as follows [33-
35]:

Iy = Iph — Ly — Lgz — L 0
I, =

q (Vm’ +Rssr1pv)
fon = Lsa [exP ( miy KT ) B 1] B

I [exp (Q(va’*'Rssr[pv)) _ 1] _ (va*'ﬂssripv)
e Mg KT Ry ?)

Where q represents the charge of electron
(1.6x10'19 C), L, represents the photovoltaic current, K
represents the Boltzmann constant (1.38x107% J/K), Lo is
the cell-generated photocurrent, N is the number of
module serially connected, Tj is the junction temperature
of the module, I, is the photovoltaic current. The
subscript 1 and 2 represents first and second diode
respectively. Seven parameters such as series resistance
(Ryep), shunt resistance (Rg,), saturation current of diodes
(Isa; and Lgy,) and ideality factor (m;; and my,) of diode can
be extracted from the given set of I-V data.

b) Parameters dependence on temperature and
irradiation levels

The standard test conditions (STC) can be
referred from the manufacturer's catalogue and the
parameters recognized from the datasheet are applicable
only under STC. The dependence of the parameters on the
temperature and irradiance levels is determined using the
principle of supervision [36,37]. The dependence of the
PV model parameters can be inserted and the I-V
relationship can be realized. In this paper, the parameters
such as Ry, Ry, Igq; and Iy, are used the similar relation
utilized in [36] and [38].

P\ser = P\STC

3)
Ren = Ranste @
2 [1/BgsTc Bg
ka1 _ [ = ] e[K( TsTC 'r)]
Izd1,5TC Tstc )

The value of band gap energy B,, in Ts7c=25° C
is set to 1.121 eV for silicon cells [36], [38]. B, can be
expressed in terms of cell temperature according to [37],
[38] is given by

B

E_— 1 —0.0002677(T — Tspc)
BgsTc (6)

The photo current on the irradiation level and
temperature can be expressed as [35]:

Ioh

Iph,sTC

B
= shv! — lsTC
2 E—[1 + Ty, (T — Tspc)]

where the temperature coefficient of the short
circuit current Ty, is (%/°C). The parameter I as a
function of cell temperature can be expressed as:

B
taaz o T ol ) N

Now (8) can be written by introducing
proportionality constant C as:

s {_Be

Now (9) can be evaluated at STC and after
reducing with some algebra, we can get

e _ (1 e
zda = [T ]2 e 2k Tg1e T

Izdz,5TC STC (10)

The parameters in (3), (4), (5), (7) and (10) can be
applied into (2) to extract the I-V characteristics of PV
module at different operating conditions.

c¢) Crack identification model

The most common PV cells are made of silicon
and the fingers (metal grids) are present in the top layer
and the electrical contacts made by metal bases on the
bottom of the cell. The fingers are soldered to busbars and
they are connected in series with different solar cells to
form the PV module is shown in Figure-1. The
homogeneous properties of the solar cell, the current flow
Ig(B) along the finger can be determined by a one-
dimensional electric model and the value of B described by
each position varies from one busbar to other. The voltage
is a function of B due to distributed resistance
(metallization and emitter resistance) of the grid line [39].
For each voltage V(B), the surface current density, I, can
be determined using single diode model. The finger
crossed by a crack has been verified but the relation
between the localized resistance and crack opening are not
investigated by Berardone er al [40]. This problem has
been included in the present work.

The electroluminescence test is carried out under
no direct illumination from the sun instead it is performed
inside a dark room with externally applied by a power
supply through busbars. The current density along the
finger Ix(B) can be represented by the differential equation
as:
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av(p) _ (11)

where R, represents the sheet resistance in the
direction. The current density passing through the solar
cell is equal to the derivative of current density along the
finger and it can be represented as:

dr.(B) _ (12)
L0)_ 1)

Substitute Equation. (11) into Equation. (12), it
will produce the following second order differential
equation as:

IVB)_g 1) (13)
dp’
The response of current density through the
thickness of the solar cell can be determined by a single
diode model [41]:

e 14

mV..

where I, is the saturation current density, Ry
represents the sheet resistance in series with the diode, m
is ideality factor of diode, and the thermal voltage,

V, = kT/ e. k is Boltzmann constant, T is temperature,

and e is charge of electron. Now apply Newton-Raphson
method on Equation. (14) and it can be written as:

£(1,(B))=L(B)- Ioexp[wj —0 (15)

mV;

d) Solar cell model optimization problem
The solar cell model parameter extraction is an
optimization process which minimizes the difference
between real and estimated values. The parameter
estimation using optimization technique implemented in
the following approach:
= Asetofreal data of I-V for a PV module is measured.
= Defined an objective function for minimizing the
difference between the real data and measured values.
= Tune the parameters by applying an optimization
algorithm until the best objective function obtained.
= After completing the optimization algorithm, the
optimal value is extracted from the solution obtained
by the optimization algorithm.

Now assign a vector U, for each value which is
extracted from the optimization algorithm. The vector for
double diode model is U= [Rs, Rsha Ishs Isdls Isd2 m;;, My,
I(B)]. An objective function needs to be defined in the

optimization problem and the corresponding function for
solar model parameter extraction can be defined from (2).
The homogeneous equations for the corresponding
equations are given as:

_ Q("pv"‘Rser I'pv)
f(vt:lt: U) = It - Iph + Isdl [exp ( m; NoKT; ) - 1] +

q(v V+Rser V) V+Rser v
1345 [exp (——:mNsm:p )— 1] + (V_P < b )

Now the values of U can be put into (16), the
solution of f (V,, I, U) for each pair of V-I data can be
measured. The difference between real and estimated data
can be evaluated, typically by the root mean square error
(RMSE) criterion. For parameter extraction of solar cell
models the following objective function is used to
minimize the RMSE as:

(16)

minimize RMSE (B) = Ji)};'il G L
M a7

where M is the number of real V-I data and the output
of RMSE guide the optimization search for better value of
the vector U. If the value of RMSE is bad, the
optimization algorithm tuned the vector U and send back
to (16). This iterative procedure improves the value of
vector U and stopped if the output value is good enough or
the optimization algorithm attains maximum iteration
time.

3. DIFFERENTIAL EVOLUTION ALGORITHM

Differential evolution is a heuristic, population
based algorithm originally proposed by Storn and Price in
1997 [42]. DE is a search and optimization technique
which generates new vectors by adding the third one with
the difference of two population vectors. There are several
variants of DE and it can be expressed as:

DE/mu/dv/cr )

where mu, dv and cr represents the mutated vector,
number of difference vector and crossover scheme
respectively. DE has different advantages such as simple,
robust, few control parameters and effective. It can also
work with multi-dimensional, noisy and time dependent
objective functions [43]. Based on these advantages, we
choose DE for optimization parameter estimation problem.

a) DE-Based optimal parameter estimation

Consider the solar cell model parameter
optimization as (17), U is the decision variable which
contains n variables x;€R". The step by step procedure for
implementing DE algorithm is described as follows:
step 1. The population (NP) of D-dimensional parameter
vector U¥ and the population of solution P*, P¥ = UF,
i=1.2,...NP; k=1.2,... Ky and Uf = U}, j=1,2,....D.
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The index, i represent the population index, j
represents the parameters within the vectors and k is the
generation to which a vector belongs.

The population NP has D-dimensional
vectorsU}¥ = [Ufi, Ué‘_l-, s U]lfi, s UL’)(,i]' Each vector forms
a candidate solution to the D-dimensional optimization
problem and values are randomly selected within the
interval Uy and Uy. U, = [ULL, UZVL,...,UD‘L]and Uy =
[ULM, Uy s oo UD,M] are the lower and upper limits of the
search space. Now the initial population in the search
space by:

Lo
Ui = Uy +rand [1]1(Uy — Uy) (19)

The solution of parameter estimation is feasible
because they are initialized within the feasible range and
we have to find the optimal one.
step 2. According to (17) evaluate the fitness of each
individual in the population.
step 3. Create new population by:

(1) Mutation: For the given parameter vector UF,
randomly choose three different vectors (U¥, UK, UK) in
the range [1, NP]. A trial vector Vi¥is created by adding
the third vector to the difference between the two vectors
and is given by

Vik = U‘fl + F(U‘IJ’FZ a U‘f:'}) (20)

where F is the mutation scaling factor having range
0,1).
(2) Crossover: The trial vector and the target vector
UF are mixed to yield a new vector as:

k+1
Vi

k Kk ik k k
o= [Ym sz--wiffi:---:ym] @1

In this work, binomial crossover strategy [35] is used
and it can be expressed as:

o {Lf}’ﬁ if(rand < RC)
= Uj?‘i, otherwise
5 (22)

where RC is the rate of crossover.
(3) Selection: For each Uj; and corresponding Yj; to select
next generation vector, k=k+1 as:

SR [Y;‘, if 1) < 1(UY)
' vy otherwise 23)

where J(U) is the objective function to be minimized.
Thus, the new trial vector swaps its values with the target;

if objective function value is less otherwise the target is
conserved in the population.

b) Adaptive DE algorithm

The parameter setting in DE is crucial [44, 45]
and to overcome this drawback by Zhang and Sanderson
introduces an adaptive DE algorithm [46, 47]. The
parameters P*, F and RC are adaptively control and
generate the parameters successfully. The adaptation is
described as follows:

(1) Mutation factor adaption: Each individuals Uik and
associated individuals are mutated with the mutation rate
M, and obtained by the strategy DE/mu/dv/cr [44] as
follows:

A trial vector V¥is created by adding the third vector
to the difference between the two vectors and is given by

V¥ = Uy + FU3% - U) o4

where F is the mutation scaling factor having range
(0,1) and is given by

k \b
(1_kma.\‘)
1

F¥ otherwise (25)

Ftl={1-— rand Jif rand, < M,

where k is the current generation, ki, is the
maximum generation, and rand; and rand, are the uniform
random values within the range (0,1). The scaling factor F,
should be adaptive with the following mutation rate M,
and is determined as:

f(ug‘)—min(f(vi"))

" = TR i (F)

(26)

f(.) is the objective function.
(2) Crossover adaptation: The crossover rate RC; is
independently calculated for each vector as:

RC; = rndn,(P§., 0.1) o

where P, is the mean value to generate RC;. It is

updated as:

Pre = (1 — q)Ppc + q mean 4(Spc) 8)

where q is a constant in the range (0,1), Sgc is the
set of successful rate of RC; and mean,(.) is the usual
arithmetic mean operation.
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Figure-3. Convergence performance of ADET and
various other methods during parameter extraction.

4. SIMULATION AND EXPERIMENTAL
RESULTS

In this section, the parameters of ADET have
been studied by using measured data. The measured
voltage and current data of solar cell and PV module are
taken in this simulation. The prototype of PV module has
39 polycrystalline silicon are connected in series, totally
1200 W/m* and the voltage and current are measured
under one sun at 33° C. Various parameters of ADET used
in this simulation are as follows: the population size
NP=150, maximum number of generation Kk,,=500,
Length of individual Li=3, DE-step size S=0.5, merging
generation rate P,=0.5, crossover probability constant
C,=0.5 and the termination criteria T, =1 x e®.

a) Simulation results

The prototype of PV module has 39
polycrystalline silicon are connected in series, totally 1200
W/m* and the voltage and current are measured under 1
sun at 33° C. Here the real values of voltage and current of
PV module is same as [48]. The extracted parameter
values and the RMSE obtained by the proposed method
and other four algorithms are presented in Table-1. The
proposed ADET method is compared with other parameter
extraction techniques such as CPSO, GA, OIS and SA. It
is seen that, the ADET has lowest RMSE compared to
other parameter extraction techniques such as CPSO, GA,
SA and OIS. Since ADET has lowest RMSE, we conclude
that the performance of ADET is very good and it is
suitable for parameter extraction in solar cells. The
relative error (RE) and individual absolute error (IAE) are
used to show the performance of parameter extraction
methods [43] and it can be defined as:

IAE = |1y — 1] 09)
RE = tmhl
Im (30)

Table-1. Comparison of RMSE for various parameter
extraction methods with proposed ADET.

Parameters | CPSO GA QIS SA ADET

Iph (&) 31254 333166 313674 3334 343045

Isdl (&) | soat0” | a3mia0” | 7a0aene’ | sema0” | 23tosvmo”

s &) | om0’ | 27ami0” | sesme” | amsao’ | o240’
n, 5237 s | 6o 779% 347

i 5935 3634 58533 6.0647 36943
Rser (§2) 03735 030134 032897 042042 031063
Rsh (§2) 200.100 199.463 0358 207.5233 200647

RMEE 003521 o027 004783 00385 002131
Tite (5) 115 333 412 316 “

Additionally, computational speed of all the
extraction method is compared with the proposed method.
From Table-1 one can easily understand that the ADET
method is faster than other parameter extraction methods
and it takes 44 seconds to compute various parameters for
30,000 generations. The computational time of CPSO
requires around three times greater than ADET. However,
the computational time required for GA, OIS and SA are
much greater than that of ADET for the same generation.
It is noted that CPSO is not converge with the desired
solution if lower number of generations are used. On the
other hand, ADET consistently converges for both the
lower and higher generation levels. This better
computational speed is useful to make the proposed
method as PV simulator.

x10°

IAE

Measurement

Figure-4. Optimal values of TAE extracted by CPSO, GA,
SA, OIS and ADET for the PV module.

The qualitative representation of the convergence
performance of ADET and all other methods are shown in
Figure-3. The evolution process becomes very slow after
200 iteration according to GA and OIS. It implies that
these methods prematurely converges to a local minima at
B=0.03. Table-2 also shows that the mean, maximum and
minimum values of B are in the order of 107, According
to CPSO and SA the B,,;, values are close to the threshold
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value and the B, is far from the threshold value. It leads
to poor standard deviation. On the other hand, Figure-3
illustrate that the exploration capability of both the CPSO
and SA are not efficient and their RMSE languish after
15,000 generations. In contrast, the ADET shows that it
has very low RMSE and provides high accuracy. The
zoomed view is shown inside the Figure-3. From the
zoomed view one can clearly understand that the RMSE of
ADET has been improved up to around 500 iterations and
it settled with the mean value of 2.873x10”°. The standard
deviation of ADET is very small and almost it is
negligible which indicates that the solution obtained by
every run is highly consistent.

1
10 10' 10
Measurement

Figure-5. Relative error estimated by CPSO, GA, SA, OIS
and ADET.

The optimal value of IAE for each measurement
using ADET and other parameter extraction techniques
such as CPSO, GA, SA and OIS are presented in Table-3.
The comparison between CPSO, GA, SA, OIS and the
proposed method with the optimal value of IAE for each
measurement is illustrated in Figure-4. From Figure-4 one
can easily understand that the ADET method has better
performance than other parameter extraction methods such
as CPSO, GA, SA, and OIS. The total IAE values for each
measurement is also calculated and presented in the
Table-3. The total IAE value of table 3 point out that the
ADET has lowest total IAE compared to other methods
for the PV module. From Table-3 and Figure-4 one can
easily understand that ADET outperforms CPSO, GA, SA,
and OIS for this parameter extraction problem. Figure-5
illustrate that the comparison between CPSO, GA, SA,
OIS and the proposed method with the optimal value of
RE for each measurement. The IAE of the proposed
method is very low compared to other parameter
estimation techniques. On the other hand the value of RE
is in between CPSO and OIS. The zoomed view is shown
inside the Figure-5. From the zoomed view one can clearly
understand that the deviation is very little compared to
other method. From the result we observed that the values
extracted by ADET in the PV module fit the real data very
well. The excellent performance of ADET can be
characterized to different factors such as: 1) the diversity
of parameter search space can be increased by F and RC;

2

as a result new set of children is generated. 2) An inherent
capability of the adaptation process provides guarantees
that the parameters are always in the feasible region only.
3) The one-to-one selection ensures that the winning
parameters are allowed to take part in the next generation
and the parameter which loses even a single competition is
eliminated. Generally, these factors provide rapid
convergence, highly accurate and consistent solutions.
Figure-6 illustrates the V-1 characteristics of optimal
values extracted by ADET along with the real data. From
the result we observed that the double diode model is the
best choice for the real data.

Table-2. Optimal values of TAE extracted by CPSO, GA,
OIS, SA and ADET for the PV module.

Methods | RMSE RMSE RMSE &
JNamn TNAX Tean
51732 % 5 5| 7.8245x
CP50 -6 1.8462x 10 | 4.2638 x 10 3
10 10
2.0793 x 2 o | 46367 x
GA 2 3.3731x 10" | 3.1346 % 10 3
10 10
5.0743 x 5 4 | 54301 x
OI3 5 2.1043x 10 | 1.1043% 10 =
10 10
i 55803 x | 2.7353 % 10- 4| 6.2843x
1 s 1.3941 x 10 0
2.8743 x 2 o | 46483 x
ADET it 2.8743x 10 | 2.8743x 10 17

The predicted data of current through the
thickness of solar cell with solid line is compared with the
experimental data (in blue dot) is shown in Figure-7. The
crack opening present in the solar panel under test is: 0.12,
0.18, and 0.23um for the mid-span deflections 4, 7, 10,
and 13 cm respectively. The parameters which are
determined from the model for the corresponding solar
panel for finger not crossed by crack are: R=0.2Qcm’ Vr
=24mV, Ry=0.12Q, I= 1.43x10""* A/cm’. The point of
finger crossed by the crack can be identified by EM test.
The values extracted by ADET are listed in Table-4.

12 T T T T
-*-Real data
ha =PV module
08r
. 06
.S
@ 04
5
© o2
DA
02r
_04 | 1 1 1 1 1 1

1
0 2 4 § 8 10 12 14 16 18
Voltage (V)

Figure-6. Comparison results of PV module with the real
data.
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Table-3. Optimal values of IAE extracted by CPSO, GA, OIS, SA and ADET for a PV module.

Im CPSO GA ois sA ADET
D % (&) | IAE RE | le(a) | IAE RE | Leta) | IAE RE | Ie(d) | IAE RE | le(4) | IAE RE

0364 0‘262 0‘080 21 oom7 | 07628 0‘070 M oo01s 0'262 0'03 151 00020 | 07639 0'01001 0.0001 0'262 000123 | 0.0016
0?2 D‘?O 0'050 81 ooo2e | 07602 0'0518 0.0024 0'25 2 0'03 1 o004z | 07812 0'03?08 0.0011 0'250 000132 | 0.0017
°~§61 0‘361 0'04005 0.0007 | 07610 0'0205 0.0007 0'250 0'0212 00016 | 0.7602 0‘01013 0.0017 0'251 000030 | 0.0004
0263 0‘361 0'080 24| oooz2 | 07609 uu;) % | 00034 0'262 uu;) 01 0om3 | 07600 0'020 | oooss | ° "’1‘61 00023 | 0.0031
0257 0'262 0.010 48| ooos3 | 07632 0'0;343 0.0057 0'165 U'Ugm 00029 | 07622 0'01054 0.0070 0'253 000434 | 0.0057
0?9 0‘154 0'02045 00061 | 0.7547 0‘0342 0.0056 0'255 0'0334 00045 | 07532 0'08057 0.0076 0'255 000372 | 0.0049
0.7057 0‘254 0'08024 00124 | 07549 U'Ufm 0.0107 U'—';S - 0'0209 0.0048 | 0.7544 0'02063 0.0131 U'ZS > | 000201 | o010
03;58 0‘258 0'09003 0.0005 | 07583 ”'07003 0.0005 0'255 ”'0325 00033 | 07578 0'05?08 0.0012 0'258 0.00021 | 0.0003
0,259 u.zs 8 0'08033 00044 | 07572 0‘0326 0.0034 0'715 ? 0‘02067 00088 | 07572 0'02026 0.0034 u.;s " | 000253 | 00033
0'258 0'154 0'0339 00051 | 07650 0'0535 0.0046 U'Z‘Sl 0.03 "1 00097 | 07646 0'09038 0.0051 0"’1‘55 000342 | 0.0045
U~§50 0‘346 0'05'37 0.0050 | 0.7470 0‘03?35 0.0047 0'243 0'0559 00092 | 0.7461 0'08043 0.0058 U';‘” 0.00352 | 0.0047
0'7546 0'243 0'03?28 00038 | 07439 0'0,326 0.0035 U';‘“ 0'030 2| oooa | 07432 0'01033 0.0044 0';44 000232 | 0.0031
U?S 0‘7338 0‘090 "1 o003 | 07384 0‘03 "1 gooo | ° ';35 cwg 2| 00034 | 07374 0'090 01 goms | © ‘138 0.00011 | 0.0001
0'7028 0'?527 0'02004 00005 | 0.7278 0'09001 0.0003 0'225 0‘01022 00030 | 0.7266 0'05?13 0.0019 0'227 0.00025 | 0.0003
“'212 D‘?O 0'000 71 ooo2s | 07108 o.og 1 o002 0.’;1 ! 0‘0303 0.0005 | 07118 0'0_204 0.0006 0";10 000152 | 0.0021
04?82 0‘6080 0‘060 20| ooo30 | os7es 0‘02 23| 00034 U‘?D 0‘03 131 00023 | 0807 0'020 ¥ 1 ooz | © '5180 0.00202 | 0.0030
”-237 0'236 0‘000 14 poozz | o363 0'03 131 gooz0 | © '236 0'03?10 00016 | 06371 0'05004 00007 | © '?5 000112 | 00018
0'277 n.?a 0‘060 01 ooms | o578 0‘0? 101 o007 o.g’n 0'0204 0.0008 | 05768 0‘03? 01 o008 0'375 0.000%8 | 0.0017
0-207 0'5307 0'0303 0.0007 | 05073 0'0,?02 0.0005 0‘305 0'020” 00034 | 0.5068 0'0507 0.0016 0'207 0.00013 | 0.0003
0?7 D";ls 0‘01009 00022 | 04169 D‘U;m 0.0016 0.«;12 0‘0;349 00118 | 04157 D‘UUD ¥ 1 0004s U'Z” 0.000% | 0.0009
0.319 0‘2” 0.000 “2 | povse | 03180 n.o;: 81 0o0se 0.219 n.ogm 0.0023 | 03140 0'0259 0.0185 0'218 0.00167 | 0.0052
U‘élg 0‘2;19 0‘09002 00013 | 02195 n.n;:oz 0.0012 0'219 n.ugm 0.0007 | 02190 0‘07007 0.0035 0319 0.00013 | 0.0006
0.;04 % ;04 0‘090 "1 o000 | 0,047 0‘03 %1 o000z | © '1304 0'03 %41 00040 | 0.1048 0'03 " goon | ° '1704 0.00004 | 0.0004
0273 0‘373 0'070 %51 ooo1o0 | o571 0‘02005 0.0009 U'?B 0'0500 00002 | 05736 0'03000 0.0001 0'?3 0.00031 | 0.0005
0233 0‘182 0'00009 00015 | 05825 0'0_208 0.0015 0'382 0‘03?04 0.0007 | 05799 0'02034 0.0059 0'282 000072 | 0.0012
0.5900 u:;sg 00007 | ooois | osssr | PO0%8 | ooois 0'289 00004 | 00008 | 0.ss77 | OO0 | o003 0'389 0.00075 | 0.0013

Total k] 15»208 0.02415 15:12 sREss 15;394 ] 15.;393 0.08374 15.9915

b) Experimental test

The parameter extraction methods used for PV
modules have been tested with experiments. The
experimental data is taken from the manufacture datasheet.
Three different modules such as thin film (ST36 and
ST40), mono-crystalline (SM55 and SQ150PC) and multi-
crystalline (MSX-60 and KC200GT) are used for
experiments. The experiment is conducted for five
different irradiance levels such as 250 W/m2, 500 W/mz,
750 W/m’, 1000 W/m” and

1250 W/m® and the data is measured. In order to study the
quality of optimal values extracted by ADET, various
parameters such as Ry, R, Ipn, Liar, L2, my; and my, are
put into (3) and then determined the I-V characteristics of
PV module. The I-V characteristics of optimal values
extracted by ADET along with the real data for thin film,
mono-crystalline and multi-crystalline are illustrated in
Figure-8, 9 and 10 respectively.
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Figure-7. The current I, in a mono-crystalline Silicon cell along a finger crossed by a crack for four mid-span deflections
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Figure-8. I-V characteristics of thin film solar module using ADET (a) ST36 (b) ST40.
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Figure-9. I-V characteristics of mono-crystalline solar module using ADET (a) SQ150PC (b) SM35.
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Figure-10. I-V characteristics of multi-crystalline solar module using ADET (a) MSX-60 (b) KG200GT.
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From the results one can easily understand that
the extracted data is accurately fit with the whole range of
experimental data. The accuracy of the result is more in
lower irradiances than higher irradiances. The numerical
values of the extracted parameters using ADET is shown
in Table-5. The experimental results of different solar cell
models presented in Table-5 and from the Figure-8-10, the
performance of the proposed parameter extraction method

method outperforms than other parameter extraction
methods and the magnitude of maximum error is less than
0.02. On the other hand, the magnitude of maximum error
exceeds more than 0.1 in the case of GA.

Table-4. Parameters extracted by ADET for mono-
crystalline solar cell.

lear (A)

1.636x10'

2.784x10°7

4.358x10 1"

1.35x10'*

2.264x10%

verified with good accuracy. From this we conclude that Deflection B (cm) Vo(V) Rs (Qcm?)
the proposed ADET technique provides good performance {cm)
in parameter extraction of solar cell models. From the 4 3.823 0.623 0.274
result we observ.ed that the values extracted by ADET in 7 3007 0634 0,282
the PV module fit the real data very well. To evaluate the
accuracy of ADET, the extracted parameter values are 10 4.692 0.619 0.318
compared to GA which contains minimum RMSE than
other parameter extraction methods. Figure-11 shows that i3 076 0013 0,337
the comparison result of three different types of solar
modules with different irradiance levels. The proposed
Table-5. Extracted parameters of three solar modules with different irradiance levels.
Parameters Thin film Mono-crystalline Multi-crystalline
5T36 5T40 5M55 s5Qi150PC MSX-60 KG200GT
k=250 W/m?2
Ion (A) 0.528 0.543 0.689 0.948 0.9737 0.979

6.238x101°

loga (A) 4.472x10°5 5.783x104 1.253x10% 4.439x10% 5.043x10°° 3.480x10°%
R.p, (k€2) 1258.46 4724.37 351.75 1628.37 320.14 220.34
R.., (€2) 1.823 0.1023 0.240 0.637 0.136 0.057

iy 1918 1.95 1.264 1.924 1.263 l1.846

M 1.926 2.476 1.748 1.924 2.427 2.637
Time (s) 0.24 0.25 0.25 0.25 0.25 0.26
k=500 W/m?2

S (a) 1.599 1.599 1.243 2.693 2.8032 2.826

Lar (A) 4.8x10-11 3.54x10°° 5.286x10-10 4.674x10-12 9.578x10-1° 7.26x10%
Lz (A) 5.175%105 2.472x105 2.641x10°° 4.173%10% 4.681%x105 3.743x10°©
R, (kO2) 809.53 1267.27 409.265 1215.426 403.467 804.536

R ., (€2) 1.503 0.936 0.704 0.668 0.364 0.052

iy 1.894 1.486 1.467 1.174 0.946 1.046

M 1.894 3.612 2.831 1.325 1.842 2.175
Time (s) 0.27 0.27 0.29 0.29 0.3 0.29
k=750 W/m?2

S (Aa) 1.989 1.984 2.145 2.986 2.357 2.432

loas (A) 5.235x10-11 4.836x10°° 6.435x101¢ 5.247x1012 9.265x10°1° 3.636x108
Lz (A) 6.385%105 4.925%105 7.368x10°° 5.035%10% 7.335x10°5 1.643x105
R, (k92) 895.560 1143.635 426.540 1426.634 454.742 627.853
R.., (€2) 1.47 1.157 0.934 0.742 0.474 0.051

a 1.924a 1.935 2.250 1.285 0.994 2.289

mMa 2.178 2.358 2.726 2.842 1.745 2.864
Time (s) 0.35 0.34 0.34 0.25 0.37 0.37
k=1000 W/m?2

loh (Aa) 2.679 2.703 3.482 a4.794 a4.724 4.748

Ly (A) 6.845%10° 2.225%x10% 2.943x10-10 7.364x10-12 9.631x10° 7.356x10°
loaz (A) 2.753x10° 2.942x10° 4.724x10°8 4.0823x108 2.754x10° 2.532x10°
R, (kO2) 634.154 248.35 447 .35 1583.86 367.25 348.469
R, (€2) 1.375 1.295 0.583 0.852 0.258 0.436

iy 1.745 1.167 2.34 1.272 1.153 1.147

m. 2.743 1.842 3.742 2.638 2.846 2.864
Time (s) 0.38 0.39 0.37 0.37 0.4 0.39
k=1250 W/ m?=

Ion (A) 2.935 2.843 3.746 4.995 5.155 4.993

loaga (A) 2.983%x10° 2.99x108 3.75%x101° 8.465x10 17 9.957x10 11 2.165x10 17
loaz (A) 2.256%x10° 2.248x10°° 6.245x10°°% 6.683%x10% 3.532x10° 2.942x10 %
R, (k) 231.643 215.759 486.359 1647.64 324.350 298.427
R.., (€2) 1.258 1.437 0.424 0.942 0.216 0.364

my 1.846 2.178 2.032 1.265 2.742 2.485

s 2.937 2.736 2.794 1.842 2.946 2.693
Time (s) 0.4 0.4 0.41 0.4 0.44 0.44

The crack can be identified by different
deformation level of electroluminescence imaging. If the
image is in dimmer state then intensity is also low, thus
cracks can be identified. In this work, a voltage of 0.7V
was applied to the panel and the EM emission was
detected by a CCD camera, 12 bits with resolution of

1300x1100 pixels. The tests were performed inside a
darkroom and the obtained EM data is converted into I,
according to the method proposed by Fuyuki et al. [49].
For numerical modeling, the cell number 2 has a
crack near the right edge of the cell between two busbars.
The local electrical resistance of this cell is increasing and
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it can be observed that the dimmer EM signal around the
crack. The EM image of four cell of the PV panel is

A
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Absolute error (A)
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shown in Figure-12. Location of crack can be clearly
differentiated by
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Figure-11. Absolute error for different irradiance levels (a) thin film (b) mono-crystalline (c) multi-crystalline.

(c)

(d)

Figure-12. Electroluminescence image of the solar panel under different deflections (a) 4 cm, (b) 7 cm, (c) 10 cm, (d) 13
cm.
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a circular spot on the center of mono-crystalline solar cell.
This pattern cannot be identified by naked eye and only be
determined by EM.

5. CONCLUSIONS

In this paper, a novel parameter extraction
technique called ADET is used for solar cell modules. The
proposed technique offers several advantages such as
accuracy of solution, speed of convergence and balance
between exploration and exploitation. The ADET method
is applied to different types of solar cell modules such as
thin film, mono-crystalline and multi-crystalline for five
different irradiance of extracting the parameters.
Comparisons are performed with other parameter
extraction techniques such as CPSO, GA, SA, and OIS.
Among these the proposed method performs better than
other parameter extraction techniques. The feasibility of
the ADET technique is verified by experimental V-I data
set of thin film, mono-crystalline and multi-crystalline
solar cell modules. Finally, the absolute error is computed
for thin film, mono-crystalline and multi-crystalline solar
cell modules for five different irradiance levels. It was
found that the proposed technique is very accurate and
rapid convergence to the solution. So the proposed method
provides an alternate method to parameter extraction for
solar cell models.
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